The Alu repetitive family of short interspersed elements (SINEs) in primates can be subdivided into distinct subfamilies by specific diagnostic nucleotide changes. The older subfamilies are generally very abundant, while the younger subfamilies have fewer copies. Some of the youngest Alu elements are absent in the orthologous loci of nonhuman primates, indicative of recent retroposition events, the primary mode of SINE evolution. PCR analysis of one young Alu subfamily (Sb2) member found in the low-density lipoprotein receptor gene apparently revealed the presence of this element in the green monkey, orangutan, gorilla, and chimpanzee genomes, as well as the human genome. However, sequence analysis of these genomes revealed a highly mutated, older, primate-specific Alu element was present at this position in the nonhuman primates. Comparison of the flanking DNA sequences upstream of this Alu insertion corresponded to evolution expected for standard primate phylogeny, but comparison of the Alu repeat sequences revealed that the human element departed from this phylogeny. The change in the human sequence apparently occurred by a gene conversion event only within the Alu element itself, converting it from one of the oldest to one of the youngest Alu subfamilies. Although gene conversions of Alu elements are clearly very rare, this finding shows that such events can occur and contribute to specific cases of SINE subfamily evolution.
Interspersed repetitive DNA sequences, such as short and long interspersed elements (SINEs and LINEs) (41), were originally described to evolve in a concerted manner by mechanisms collectively termed molecular drive (14) , which includes DNA transposition, unequal crossing over, and gene conversion. Currently, there is overwhelming evidence that the primary factor in the evolution of these repetitive sequences is by RNA-mediated transposition referred to as retroposition (10, 11, 17) .
The Alu family of SINEs is grouped into several subfamilies of different genetic ages, based on diagnostic nucleotides at certain positions (8, 19-21, 35, 40, 42, 43, 47) . A number of different nomenclatures have been proposed for these subfamilies (6) . We will use the nomenclature of Shen et al. (40) , which refers to the PS (primate-specific), AS (anthropoid-specific), CS (catarrhine-specific), and HS (human-specific) Alu subfamilies, with respect to decreasing age. We will use the nomenclature of Jurka (19) for the other recently inserted human subfamily (Sb2). The existence of distinctive subfamilies has been proposed as evidence that most of the 500,000 individual Alu elements arose from retroposition events derived from a very limited number of master (source) genes (11, 12, 40) .
The HS subfamily has been judged as being recently formed, on the basis of the high degree of sequence conservation between individual HS Alu elements (6) , their paucity outside of humans (3, 4, 23, 24, 34) , presence or absence dimorphisms within the human population (2-4, 11, 34) , and de novo events of HS Alu insertions (45, 46) . Though no recent de novo events of an Sb2 subfamily member have been reported, the few members that have been identified in the human genome share a relatively high degree of sequence identity (18, 19) , and rare Sb2 dimorphisms have been observed to be associated with acholinesteremia (32) and Huntington's disease (15) . Thus, Sb2 also appears to be a very young Alu subfamily.
Using a PCR-based assay to determine the presence or absence of various Sb2 Alu elements (3), we found one that appeared to have inserted much earlier in primate evolution than all of the others that we had studied. We therefore wished to further characterize the evolution of this Alu locus.
MATERIALS AND METHODS
DNA samples. Genomic DNA from cell lines of Pan troglodytes (chimpanzee) (Wes; ATCC CRL 1609), Gorilla gorilla (Ggo-1 [primary gorilla fibroblasts]; a generous gift from Stephen J. O'Brien), Cercopithecus aethiops (green monkey) (CV1; ATCC CCL70), and Aotus trivirgatus (owl monkey) (OMK; 637-69 ATCC CRL1556) were isolated as described previously (1) . Human DNA samples were isolated from peripheral lymphocytes as previously described (1) . Pongo pygmaeus (orangutan) genomic DNA was a generous gift from Morris Goodman and Jerry Slightom.
Amplification of DNA. DNA amplification of the low-density lipoprotein receptor (LDLR) locus (3Ј untranslated region [48] ) from several samples was performed in 10-l volumes containing 1ϫ Taq buffer (Promega), 3.0 mM MgCl 2 , 200 M deoxynucleoside triphosphates, 250 nM each primer (1019 [5Ј-ACTTCAAAGCCGTGATCGTGA-3Ј] and 2029 [5Ј-TGCAACAGTAACACG GCGATT-3Ј]), and 1 U of Taq polymerase (Promega) in a Hybaid (Omnigene) thermal cycler (block control) (1 cycle of 94ЊC for 3 min; 30 cycles of 94ЊC for 1.5 min, 52ЊC for 1.5 min, and 72ЊC for 3 min; 1 cycle of 72ЊC for 3 min). Samples were subjected to agarose gel electrophoresis, the gel was stained with ethidium bromide, and DNA was visualized by UV fluorescence (1) . DNA amplification of the lecithin-cholesterol acyltransferase (LCAT) locus (29) was performed under the same conditions, with primers LCATU (5Ј-ACTTCCCAGAGGAG GCAGTGCCTAC-3Ј) and LCATD (5Ј-TATATTGCCCAGGCTTGTCTCGA AC-3Ј) closely flanking the Sb2 Alu site, except that denaturing, annealing, and synthesis times were decreased to 1 min and the annealing temperature raised to 62ЊC.
Cloning and sequencing. PCR products were cloned into the pCRII plasmid vector (Invitrogen) as described by the manufacturer. Plasmid DNA was isolated by using Magic Prep columns (Promega). DNA sequencing was performed by the dideoxy-chain termination method (39) with Sequenase (U.S. Biochemical), us-ing vector (Promega), amplification, and internal LDLR primers; samples were examined on denaturing 5% Long Ranger (AT Biochem) or acrylamide gels and exposed to Kodak XAR film. DNA sequence analysis was performed with PC/ GENE (Intelligenetics).
Nucleotide sequence accession numbers. The nucleotide sequences reported in this article have been assigned GenBank/EMBL accession numbers L35531, L35532, L35533, L35534, and L35535.
RESULTS
The Sb2 Alu in the LDLR loci of several primates. If Sb2 is a young, recently mobile subfamily in humans, the six identified Sb2 Alu sequences (18) would likely be absent from orthologous loci of nonhuman primates. Preliminary results have found this to be the case (data not shown). One example is the Sb2 Alu family member located within the LCAT locus. Amplification by PCR demonstrates this Alu insertion is present in humans and lacking in chimpanzees (Fig. 1A) , as exemplified by the amplification of a DNA fragment approximately 300 bp smaller. In contrast, by amplification of DNA within the LDLR locus with primers that flank the LDLR Sb2 Alu repeat (Fig.  1B) , we observe DNA fragments of similar size (approximately 1.0 kb) in primates that date back as far as green monkeys (a catarrhine). A fragment approximately 300 bp smaller appears in owl monkeys and therefore probably lacks the Alu at this locus. The presence of an Sb2 Alu in Old World monkeys would represent an age older than that of the oldest HS Alu insert. We therefore wished to confirm the PCR result with DNA sequence analysis.
Is the LDLR the original Sb2 insert? PCR-derived DNA fragments from each of the primates were cloned and sequenced. The green monkey and owl monkey clones did not correspond to an Alu repeat or even to the LDLR locus. Therefore, the PCR amplification was performed again (data not shown) with a separate set of LDLR primers (1137 [5Ј-TT GATGGGTATGTGTTTAAAAC-3Ј] and 1569R [5Ј-CATAA TCATAGCTCACGACAGC-3Ј]). Sequencing of the product confirmed the presence of an Alu repeat within the green monkey at this locus. However, we were unable to obtain reliable amplification from the owl monkey DNA. Thus, although the PCR would seem to indicate insertion of this element originally in the LDLR locus between the divergence of New and Old World monkeys, this could not be confirmed by DNA sequence analysis.
The sequences first demonstrate that these PCR products are from orthologous loci, based on the high conservation of the flanking sequences (Fig. 2) . The most striking feature was the absence of any of the appropriate Sb2 subfamily diagnostic nucleotides in the apes and monkeys (Fig. 2) . The other primates have a PS Alu at this site, differing at 16 separate diagnostic positions from the Sb2 subfamily. This includes three separate duplication-deletion events. Thus, there is no evidence that the Sb2 sequence found at this locus in humans is older than the human-great ape divergence. Instead, there appears to be a very rapid and specific change, to the Sb2 family, of an existing Alu family member. Although the mechanism is uncertain, essentially a gene conversion event has occurred.
What is the nature of the conversion? To further characterize the LDLR Alu Sb2 repeat gene conversion, we examined DNA sequences in the flanking regions. Insufficient sequence information for the green monkey was obtained for this comparison. In the 3Ј region, the sequences were too similar among the higher primates to permit us to interpret its molecular evolution, although the green monkey sequence appears to be more distantly related (Fig. 2) . The 3Ј flanking sequence ends with 47 nucleotides of a second, truncated Alu sequence. This portion of this second Alu repeat is well conserved in all of the primates and does not show any evidence of conversion. The 5Ј flanks (Fig. 2) contained sufficient variation to enable a molecular phylogeny to be derived (Fig. 3A) based on sequence similarity (PC/GENE Clustal) but insufficient data to produce a single-minimal length tree (PAUP 3.1). A clade is observed for humans, chimpanzees, and gorillas, with orangutans forming an outgroup; this corresponds to previous molecular data (Fig. 3B) placing the former three organisms in the subfamily Homininae and orangutans in the subfamily Ponginae, both of which are now included in the family Hominidae (31). Although our results for the subfamily Homininae are at variance with other molecular analyses (22, 31) , our data are limited and we do not take issue with primate systematics at this level.
In contrast to the flanking sequence, the Alu sequence itself in humans is quite distinct from that in the other primates. With the addition of the green monkey (family Cercopithecidae) sequence, it is evident that the variants within the Alu repeat correspond with primate systematics until the human sequence is considered. Therefore, since the evolutionary pattern of the mutations within the Alu repeat did not follow the pattern of nucleotide sequences outside the Alu element at this locus, a gene conversion-like event has occurred only within the Alu element. Because the Sb2 sequence is young and has not diverged much from the consensus, this element is grouped with both the Sb2 and PS Alu consensus sequences, based on sequence similarity found by using the PC/GENE Clustal pro- gram (Fig. 3C ). This dendrogram corresponds to the derived evolutionary single minimal length tree obtained by using PAUP 3.1 (data not shown) with a consistency index of 0.89, with placement of the PS consensus sequence as the outgroup.
Is Sb2 present in all humans at the LDLR locus?
The LDLR Sb2 sequences were cloned and examined in other humans of divergent ethnicity to determine if this conversion event occurred prior to the human radiation. Asian, Eskimo, African American, and Caucasian individuals all contained the Sb2 sequence at this locus, although slight sequence variations at nondiagnostic positions were observed. Preliminary investigations suggest that three or more alleles are maintained at this locus, which may make this locus a useful anthropological marker. We are currently using single-stranded conformation polymorphism and/or PCR followed by diagnostic restriction digests for rapid identification of these alleles.
DISCUSSION
Although the flanking sequences of the LDLR Alu sequence show the expected evolutionary pattern throughout the pri- (18, 19) and PS Alu consensus sequence (40) . HS, PT, GG, PP, and CA refer to human, chimpanzee, gorilla, orangutan, and green monkey, respectively. Dots refer to corresponding nucleotides, dashes are used to incorporate gaps for sequence alignment, asterisks indicate Sb-2 diagnostic positions, diamonds indicate diagnostic positions that distinguish PS from CS, ϩ refers to the start of a truncated PS Alu, and lowercase letters indicate the flanking direct repeats. VOL. 15, 1995 SINE GENE CONVERSION 21 mates, the Alu sequence itself shows a striking shift within the human lineage from one of the oldest Alu subfamilies to one of the youngest. This shift encompasses more than 16 distinct diagnostic positions which span most of the Alu repeat. Thus, this is the first clear case of an older Alu subfamily member being completely converted to a younger subfamily member. There is extensive documentation that a relatively few master or source Alu genes have played a disproportionate role in the amplification and evolution of the Alu family (10) (11) (12) 40) . Our finding shows that, although rare, master genes are also capable of converting one Alu subfamily member into another. The mechanism of the conversion is still unclear, and two of the more likely mechanisms are discussed below. Gene conversions of the Ty element in Saccharomyces cerevisiae have been demonstrated to have occurred by mechanisms involving cDNA (30) . In our example, it is possible that a younger Sb2 transcript was reverse transcribed and the cDNA product acted as the molecular driver of the gene conversion event. A mechanism proposed by Belmaaza et al. (7) involving breakage, priming, synthesis, and ligation to explain gene conversions of exogenous DNA by endogenous LINE elements may also be applicable here. They proposed a double-stranded break in an exogenously transfected plasmid containing a mutated LINE followed by D-loop formation in the donor. One recipient strand then provides the primer and a strand of the donor provides the template for synthesis. The newly synthesized strand is ligated back into the recipient broken strand, with the opposite recipient strand undergoing DNA synthesis repair. This example is recreated in Fig. 4A with the Sb2 cDNA as the donor strand and the original LDLR PS Alu as the recipient strand. A second variation described by Belmaaza et al. (7) involves single-strand nicks in the D loop followed by ligation of a donor strand to a recipient strand and repair synthesis. Alternatively, the possibility exists that the conversion event occurred by a single-stranded Sb2 cDNA molecule (Fig. 4B) . This scenario may be more pragmatic since it omits the processes of second-strand DNA synthesis of the cDNA and the necessity of the D-loop formation. Additionally, in current models of Alu retroposition, it is conceivable that second-strand synthesis may occur either before or after integration into the genome (10, 36) . Support for conversion by a cDNA (or possibly RNA) intermediate comes from another example of a conversion event that has been observed in an Alu repeat that occurred after the human-great ape divergence (28) . In this case, the left arm of a standard dimeric Alu, retained in chimpanzees, was converted by the Alu-like monomer BC200 gene in humans, forming the BC200␤ pseudogene. The sequence exchange likely occurred until reaching a point within the 5Ј region, overlapping the promoter A box and prior to the B box, as exemplified by the 5Ј-most sequences being identical between the human and chimpanzee genes until position 36, where BC200␤ demonstrates similarity to BC200␣ in the human gene, with the chimpanzee gene maintaining its Alu identity. The right arms of the human and chimpanzee genes are highly homologous, including the retaining of CS diagnostic nucleotides. In our LDLR conversion example, although there are no subfamily diagnostics in the first 55 nucleotides of the Alu repeat (Fig. 1) , the sequences are highly homologous between humans and the other nonhuman primates, suggesting that the recombination may have occurred in this same region.
Studies of Alu-Alu recombination have shown that recombinations occur nonrandomly with a strong preference for the left half, near the A and B promoter boxes (26, 27, 33, 37, 44) as may be the case here. The LDLR locus is one of the principal loci that have been demonstrated to be subject to extensive Alu-mediated recombination events. The presence of an Alu gene conversion in the same locus may point to an underlying instability in the LDLR locus that contributed to both processes.
An alternative scenario for the conversion could possibly include stable integration followed by homologous recombination (Fig. 4C) . The Sb2 cDNA may have inserted into the A-rich 3Ј end of the preexisting PS Alu, as Alu elements preferentially insert into A-rich regions (9), after which a homologous but unequal crossover event occurred. This allele may then have become fixed in the population, with the second allele lost by chance and possibly never carried on to the next VOL. 15, 1995 SINE GENE CONVERSION 23 generation. The recombination event would not be surprising since Alu-Alu recombinations are known to occur frequently at the LDLR locus (26, 27, 38) , some of which leave the Alu element intact or nearly intact (16, 26, 27) . We have speculated on the nature of the conversion mechanism, based primarily on the retroposition activity associated with SINE amplification (11, 12, 40) which is consistent with the change of an older to a younger Alu element; however, the actual mechanism(s) for this gene conversion may not be limited to those presented here.
Although retroposition is clearly supported as the primary mode of SINE evolution (12, 13), here we observed a gene conversion event. Since a younger subfamily element converted the older subfamily element, it is possible that a source gene (11, 24) has the ability to not only retropose but also convert preexisting Alu repeats. Most HS and Sb2 Alu elements located in human loci are absent in orthologous nonhuman primate loci (references 3 and 6 and unpublished data). In addition, some young Alu elements are present in chimpanzees but absent in the human and gorilla orthologs (25) , and one HS Alu in gorillas is absent in orthologous loci in humans and chimpanzees (24) . Therefore, gene conversion likely does not play a major role in SINE evolution compared with retroposition. However, this striking example of subfamily changes through gene conversion demonstrates that important individual events may occur through this mechanism.
